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ABSTRACT
The cosmological recombination of H and He at z ≃ 103 and the formation of
H2 during the dark ages produce a non-thermal photon excess in the Wien tail of
the cosmic microwave background (CMB) blackbody spectrum. Here we compute
the effect of these photons on the H− photodetachment and H+
2
photodissociation
processes. We discuss the implications for the chemical evolution of the Universe in
the post-recombination epoch, emphasizing how important a detailed account of the
full vibrational manifold of H2 and H
+
2
in the chemical network is. We find that the
final abundances of H2, H
+
2
, H+
3
and HD are significantly smaller than in previous
calculations that neglected the effect of non-thermal photons. The suppression
is mainly caused by extra hydrogen recombination photons and could affect the
formation rate of first stars. We provide simple analytical approximations for the
relevant rate coefficients and briefly discuss the additional effect of dark matter
annihilation on the considered reaction rates.
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1 INTRODUCTION
In the era of precision cosmology, the determination of the
chemical composition of the early Universe requires an ac-
curate evaluation of the reaction rates of the main chem-
ical processes involved. A detailed chemical-kinetic model
for the evolution of the homogeneously expanding Uni-
verse in the post-recombination epoch is also needed to fol-
low the collapse of primordial clouds and hence to study
the formation of the first-generation stars (Tegmark et al.
1997; Abel et al. 2002; Bromm et al. 2002). In particular,
H2 represents a “key” element because of its abundance and
coolant properties. For this reason the line emissions asso-
ciated with molecular hydrogen could in principle give in-
formations about the matter distribution during the phase
of pre-reionization of the Universe (e.g., Ciardi & Ferrara
2001; Gong et al. 2012). Over the past years continuous im-
provements have been made to the modeling of the early
⋆ e-mail: carla.coppola@chimica.uniba.it; galli@arcetri.astro.it;
palla@arcetri.astro.it; savino.longo@ba.imip.cnr.it; jch-
luba@pha.jhu.edu
Universe chemistry under non-equilibrium conditions. For
example, Coppola et al. (2011, hereafter C11), Longo et al.
(2011) and Coppola et al. (2012) demonstrated the impor-
tance of taking into account the complete internal states of
chemical partners in a chemical network for the primordial
gas, as well as all non-equilibrium processes occurring at
high redshift z.
In this paper we compute the abundance of the main
chemical species (such as H2, H
+
2 , H
−, HD and H+3 ), includ-
ing the effect of non-thermal photons due to cosmological
recombination of H and He (see Sunyaev & Chluba 2009,
for overview), and the radiative cascade following the for-
mation of H2. The non-thermal photons appear as an excess
in the Wien tail of the CMB blackbody spectrum and thus
significantly affect the H− photodetachment and H+2 pho-
todissociation processes during the dark ages. As we show
here, the main effect is caused by the extra Hi recombina-
tion photons released at z . 100, limiting the formation of
H2, H
+
2 , H
+
3 and HD. We also estimate the effect of extra
ionizations from annihilating dark matter particles on the
H− photodetachment rate, finding a sensitivity of the early
Universe chemistry to this process (see Appendix B).
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The paper is organized as follows: in Sections 2-3 we
describe the computational methods, providing expressions
for the spectral distortion of the CMB introduced by emis-
sion processes occurring in past epochs of the expanding
Universe. The distortion spectra resulting from primordial
atomic recombination and non-equilibrium H2 radiative cas-
cade are then used to evaluate non-thermal reaction rates
for photo-processes involving the main “catalytic” species
for H2 formation (H
+
2 and H
−). In Section 3, we describe
the time-dependent kinetics and summarize the reaction
rates and cosmological parameters introduced. The result-
ing fractional abundances of several atomic and molecular
species adopting the updated rate coefficients of Coppola et
al. (2011) are discussed in Section 4.
2 EFFECT OF NON-THERMAL PHOTONS
Every radiative transition from an upper atomic level i to
a lower level j is associated with the emission of a photon,
causing a spectral distortion Iij(ν). Assuming a very narrow
emission-profile, the observing frequency ν at some redshift
z < zem, is related to the rest frame frequency, νij , of the
transition i→ j by ν = νij(1+z)/(1+zem). For this reason,
the redshift at which the transition happens is labelled as
zem. The spectral distortion produced by the emission pro-
cess at zem and observed at redshift z < zem can be written
as (e.g., see Rubin˜o-Martin et al. 2006):
Izij(ν) =
(
hc
4π
)
∆Rij(zem)(1 + z)
3
H(zem)(1 + zem)3
(1)
where H(z) = H0[Ωr(1 + z)
4 + Ωm(1 + z)
3 + Ωk(1 + z)
2 +
ΩΛ]
1/2 is the Hubble function and ∆Rij is related to the
level populations, Ni and Nj of the i
th and jth levels by:
∆Rij = pijAijNi
ehνij/kBTr
ehνij/kBTr − 1
[
1−
giNj
gjNi
e−hνij/kBTr
]
,
(2)
where pij is the Sobolev-escape probability, gi and gj the de-
generacy of upper and lower levels, respectively (both factors
are equal to one in the case of transitions occuring among
the vibrational manifold), Aij is the Einstein coefficient of
the transition and Tr = 2.726 (1+zem)K (Fixsen et al. 1996;
Fixsen 2009).
To evaluate the contribution of spectral distortions to
the reaction rate of a photo-reaction at a given redshift z,
the integration over the actual photon distribution should
be carried out:
kph(z) = 4π
∫
∞
0
σ(ν)
hν
[
Bz(ν) +
∑
i→j
Izij(ν)
]
dν. (3)
Here σ(ν) is the cross section of the photo-reaction as a
function of frequency, Bz(ν) the Planck distribution at Tr
corresponding to the redshift z at which the reaction rate is
calculated, and Izij(ν) the spectral distortion.
Several physical and chemical processes can modify the
pure blackbody shape of the CMB (see Chluba & Sunyaev
2012, for some example related to early energy release); in
the present calculations, we consider the primordial recom-
bination of H and He and the non-equilibrium radiative cas-
cade of H2 as sources of distortion photons. For the former,
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Figure 1. Photons spectra at several z, corresponding to the
values shown in the figure (dashed lines: partial contributions;
red and black lines: CMB and distortions, respectively; solid
lines: total spectra). Top panel: blackbody and distortion pho-
tons produced by the cosmological recombination of H; bottom
panel: blackbody plus photons produced by the radiative cas-
cade following the non-equilibrium formation of H2 at the same
redshifts. The vertical blue lines represent the thresholds for the
processes considered in the present work: from the lowest energy,
the threshold for H− photodetachment (0.754 eV), H+2 (v = 0)
and H+2 (v = 6) photodissociation (2.65 eV and 1.247 eV, respec-
tively). The value for the highest vibrational level, H+2 (18), is
0.0029 eV, out of the range of the present figure.
the outputs of CosmoRec1 (Chluba & Thomas 2011) are
used to evaluate the non-thermal photon contribution. For
the latter, the values of Aij were calculated as in C11 averag-
ing over the initial rotational levels and summing over the
final ones the rovibrationally resolved Einstein coefficients
computed by Wolniewicz et al. (1998); the non-equilibrium
level populations calculated in C11 at several z have been
used, following the treatment of Coppola et al. (2012).
To estimate the effect of non-thermal photons on the
H2 chemistry, the main formation channels for molecular
hydrogen, namely the H+2 and H
− pathways, should be con-
sidered separately. Figure 1 shows the spectrum of the CMB
at several redshifts, including the distortion photons pro-
1 www.chluba.de/CosmoRec
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duced by the cosmological H recombination and the H2 ra-
diative cascade. For the cosmological recombination radia-
tion, only the emission of the Ly-α, Ly-β and Ly-γ lines and
the 2s-1s two-photon continuum are shown, with the com-
putation including detailed radiative transfer effects, such as
line feedback and two-photon processes. The position of the
Ly-α line can be noticed in the upper panel of Fig. 1, while
photons above ≃ 10.2 eV are caused by the Ly-β and Ly-γ
transitions. Relative to the Ly-α line these resonances only
add a small number of photons in the far Wien tail of the
CMB (Chluba & Sunyaev 2007) and thus do not affect the
final results for the reaction rates at a significant level. We
also omitted the emission caused by transitions among ex-
ited states (Rubin˜o-Martin et al. 2006; Chluba & Sunyaev
2006; Chluba, Rubin˜o-Mart´ın & Sunyaev 2007), since these
only give rise to a tiny derivation relative to the CMB black-
body spectrum. The reprocessing of helium photons emitted
at z ≃ 2000 was also taken into account for the computa-
tion of the distortion (Chluba & Sunyaev 2010), producing
a pre-recombination feature in the Hi Ly-α recombination
spectrum (see also Rubin˜o-Mart´ın et al. 2008).
Helium photons only directly affect the H+2 and H
− for-
mation rates close to z ≃ 2400, so that we did not present
their contribution to the CMB spectrum separately.
The lower panel of Fig. 1 shows the distortion produced
by the radiative cascade following the non-equilibrium for-
mation of H2. At the highest redshift, the largest contribu-
tion comes from the most energetic ∼ 4.7 eV transition be-
tween vibrational state v = 14 and the vibrational ground
level of H2 molecules. At lower redshfits, the high-v tran-
sitions become progressively less important because of the
expansion of the Universe that shifts them to lower energies.
The features present in the spectra produced by molecular
radiative cascade lines reflect the presence of many tran-
sitions with ∆v > 1. As a consequence, the spectra are
broader than the ones obtained for the atomic recombination
(Fig. 1). As for the cosmological recombination distortion,
the photons produced by H2 radiative transitions give rise
to an excess in the far Wien tail of the CMB. The extra
photons are introduced at late times, during the dark ages,
when most of the H2 is forming. In comparison to the re-
combination radiation it is, however, much smaller and thus
only leads to a tiny correction to the reaction rates.
2.1 H+2 channel
Charge transfer between H+2 and H,
H+2 (v) + H→ H2(v
′) + H+, (4)
represents the dominant formation channel of H2 at high z.
The reaction (4) is exoergic for all vibrational states, v, un-
like the charge transfer between H2 and H
+ that is endoergic
for v 6 3, although with low threshold energies (e.g. Krstic´
& Schultz 1999, Krstic´ et al. 2002, Krstic´ 2002,2003,2005).
For the conditions of the primordial Universe a very efficient
collisional way to destroy H+2 is by dissociative recombina-
tion (Motapon et al. 2008; Takagi 2002). Among the photo-
processes, the reaction
H+2 (v) + hν → H+H
+, (5)
represents a favourable destruction pathway and it has been
the subject of several theoretical quantum chemistry stud-
ies (Dunn 1968; Argyros 1974; Stancil 1994; Lebedev et al.
2000, 2003). In this work, we adopt the cross sections calcu-
lated by Mihajlov et al. (2007) using a quantum mechanical
method in which the photodissociation process is assumed
to be the result of radiative transitions between the ground
and the first excited adiabatic electronic state of the molec-
ular ion H+2 . These transitions are the results of the interac-
tion of the electron component of the ion-atom system with
the free electromagnetic field in the dipole approximation.
The cross sections are given as Maxwell-Boltzmann aver-
ages (i.e., assuming statistical equilibrium populations for
the J-substates) of the state-to-state resolved cross sections
σv,J(λ) over the rovibrational distribution function at each
temperature:
σph(λ, T ) =
1
Z
∑
v
[ ∑
J odd
3
2
(2J + 1)e
−
EvJ−E00
kBT σvJ(λ)
+
∑
J even
1
2
(2J + 1)e
−
EvJ−E00
kBT σv,J (λ)
]
,
(6)
where Z is the partition function,
Z =
∑
v
[ ∑
J odd
3
2
(2J + 1)e
−
EvJ−E0,0
kBT
+
∑
J even
1
2
(2J + 1)e
−
EvJ−E00
kBT
]
.
(7)
The temperature used in these equations is the radiation
temperature because of the conditions present in the early
Universe. As a check in support of this assumption, it can be
shown that for the majority of the pairs (v, v′), the critical
density ncr = Av,v′/γv,v′ (i.e. the ratio between radiative
and collisional de-excitation coefficients) is much above the
mean density of the primordial Universe. Moreover, the hy-
pothesis of thermalization of rovibrational levels has been
assumed to make calculations more feasible. This is justi-
fied considering the faster relaxation times of rotation with
respect to the other molecular degrees of freedom.
In Figure 2 we show the adopted set of average cross sec-
tions. Both the CMB blackbody and non-thermal reaction
rates have been calculated using Eq. (3). The former is com-
pared to the fit given by Galli & Palla 1998 (hereafter GP98),
obtained using data by Stancil (1994) and Argyros (1974).
The results shown in Figure 3 indicate that the compari-
son between the thermal reaction rates is satisfactory at all
redshifts. At low temperatures (corresponding to z < 300),
the dominant effect is due to the non-thermal tails deriving
from atomic recombination. The contribution from the H2
cascade in negligible across the temperature interval.
2.2 H− channel
The formation of H2 at low redshifts is controlled by the as-
sociative detachment process (Pagel 1959; C˘´ızˇek et al. 1998;
Flower 2000; Dalgarno 2005; Kreckel et al. 2010; Schlemmer
2011):
H− +H→ H2(v) + e
−. (8)
The reaction responsible for the loss of H− is the photode-
tachment process:
H− + hν → H+ e−. (9)
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Figure 2.H+2 photodissociation cross sections averaged at several
temperatures, from T = 104 K to 50 K. The intermediate curves
are for T = 8400, 8000, 7000, 6300, 6000, 5000, 4200, 4000, 3500,
3000, 2500, 2000, 1500, 1000, 750, 500, 300, 200, and 100 K. Cal-
culations have been performed by Mihajlov and Ignjatovic´ using
the theoretical method described in Mihajlov et al. 2007 on an
extended temperature grid (priv. comm.)
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Figure 3. H+2 photodissociation rate coefficient as function of
redshift z (lower scale) and radiation temperature Trad (upper
scale). Black solid curve: thermal reaction rate calculated using
the cross sections shown in Figure 1; blue dashed curve: fit by
GP98. Green dotted curve: non-thermal contribution due to cos-
mological recombination photons computed with the cross sec-
tions of Figure 1. Red small dashed curve: same as above, with
photons produced by the H2 radiative cascade. It is evident from
the figure that distortion photons coming from primordial atomic
recombination represent the main non-thermal contribution to
the reaction rate.
For reaction (9) we have adopted the analytical fit of
Tegmark et al. (1997) to the cross section data computed
by Wishart (1979). In Figure 4 we show the H− photode-
tachment rate coefficient obtained considering both the in-
tegration over the CMB and the distortion photons. The
former clearly provides the largest contribution at redshifts
greater than z ∼100, whereas at lower redshift hydrogen re-
combination photons contribute significantly. The effect of
helium photons is restricted to very early times (z ≃ 2400)
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Figure 4. H− photodetachment rate coefficient. Separate con-
tribution of the blackbody spectrum, H and He recombination
photons, and H2 radiative cascade are shown. As in the case of
H+2 photodissociation, atomic recombination represents the dom-
inant non-thermal contribution.
when only very insignificant amounts of chemical elements
have formed. The feedback of helium photons on hydrogen
also creates extra features in the Ly-α recombination spec-
trum that leads to non-monotonic behavior of the H− pho-
todetachment rate at z ≃ 1800. It is also important that
at high redshifts (z ≃ 1300) half of the non-thermal reac-
tion rate is caused by the 2s-1s continuum emission, while in
the post-recombination epoch only the H i Ly-α distortion
is important. As for H+2 photodissociation, the process of H2
radiative cascade remains negligible at all redshifts.
3 REACTION RATES AND KINETICS
The chemistry of the early Universe at z < 103 can be de-
scribed as the kinetics of a H-He plasma in an expanding
medium. For this reason, the following time-dependent sys-
tem of ordinary differential equations (see, e.g. Galli & Palla
1998) has to be solved:
dNi
dt
=−
∑
l
k˜lNi −
∑
j
kijNiNj+
+
∑
n
k˜nNn +
∑
j
∑
m
k˘jmi NjNm,
(10)
where Ni is the abundance of the i
th species relative to the
total baryon density, k˜l are the photodestruction rate coeffi-
cients of the ith species via the lth photoprocess; kij are the
destruction rate coefficients for the ith species for collisions
with the jth chemical partner; k˜n are the formation rate co-
efficients of the ith species due to the nth photodestruction
process for the Nn species and k˘
jm
i are the formation rate
coefficients of the ith species due to collisions between the
jth and mth species. Each reaction rate is proportional to
the variation of the baryonic density as a function of time
nb(z) = Ωb
3H20
8πGµmH
(1 + z)3, (11)
where Ωb is the baryon fraction, H0 = 100h km s
−1 Mpc−1
is the Hubble constant with h = 0.705, G is the gravi-
tational constant, mH is the atomic hydrogen mass, and
c© 0000 RAS, MNRAS 000, 000–000
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µ = 4/(4−3Yp) is the mean atomic weight of the gas, Yp de-
noting the helium fractional abundance by mass. The equa-
tions for the radiation and gas temperatures are solved in
order to evaluate the specific velocity of each chemical pro-
cess in the kinetics. For the present calculations, the cosmo-
logical parameters from WMAP7 and standard BBN data
have been used (Komatsu et al. 2011; Iocco 2012).
For our network, we adopted the rate coefficients sum-
marized in Table B. The table also provides polynomial fits
to the non-thermal contributions to the photodetachment
of H− and photodissociation of H+2 rates. When applicable,
the complete vibrational manifolds of H2 and its cation were
used, both in LTE approximation in the entrance channel
and as sum of contributions in the exit channel.
4 RESULTS
Using the new rates and the improved rate coefficients re-
ported in C11, we determined the fractional abundances of
several atomic and molecular species with the kinetic model
described in the previous section. Figure 5 shows the evo-
lution of H2, H
+
2 , H
+
3 and HD, along with that of H
− and
D−. The main differences with respect to previous studies
can be summarized as follows: starting at high redshifts,
the abundances are affected by the enhanced H2 destruc-
tion channels (H2/H
+ charge transfer, dissociation via H and
H+ collisions, photodestruction), H− photodetachment and
modified H/H− associative detachment. The first process
results in a reduced fractional abundance of H2 at redshifts
z ∼ 1000 , where it reaches values roughly one order of mag-
nitude smaller than in previous calculations (e.g. Schleicher
et al. 2008). Consequently, the fractional abundances of HD
and H+3 are reduced in the same redshift range. This effect
is caused by the inclusion of the entire vibrational manifold,
as also found by Capitelli et al. (2007) for the dissociative
attachment process of H2 (see Figures 4-6 of C11).
At lower redshifts, the abundances are affected by the
combined effect of the enhanced photodetachment of H−
and the decrease of the efficiency of associative detach-
ment due to non-thermal photons. This result qualitatively
agrees with what was found in the steady-state model by
Hirata & Padmanabhan (2006), where however no expres-
sion for the non-thermal rate coefficient was given, and here
a more detailed treatment for the recombination spectrum
is used. The effect of the contribution of non-thermal pho-
tons to the photodetachment of H− can be appreciated in
Figure 5 (bottom panel) at z < 100. Although the freeze-
out value of H− at low z remains unchanged, the abun-
dance of H2 is reduced by about 70% at the epochs when
the H− channel is dominant. Importantly, the new evolu-
tion reduces the final rise of the H2 abundance at z ∼100
that characterized all previous calculations. It is also worth
noting that, despite the huge effect of non-thermal photons
on the photodissociation of H+2 , its abundance is not sig-
nificantly affected. This can be understood considering the
relatively high threshold energy for the photodissociation
process compared to the photodetachment of H− and to the
mean thermal energy available. Indeed, the integration over
the high frequency part of the distortion spectrum is much
more favourable for lower thresholds, as it can be derived
from Fig. 1.
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Figure 5. Fractional abundances of selected species: H2, HD and
H+3 (top panel), H
− and D− (bottom panel), with and without
non-thermal photons (green dotted and blue solid curves, respec-
tively.)
To compare the efficiency of each process included in the
kinetic model, Figure 6 shows the destruction and formation
rates for H2 as a function of z. It should be noted that the
dissociation of H2 via H
+ collisions (process labelled “6d”
in the figure) is one of the most efficient destruction mech-
anisms, although it is usually neglected. For the formation
channels, the effect of non-thermal photons is most evident
in the channel of associative detachment (process“2f”).
5 CONCLUSIONS
We followed the formation and destruction of the main
molecules and molecular ions in the early Universe, focus-
ing on the effect of non-thermal photons produced by the
recombination of H and He and by the non-equilibrium for-
mation of H2. We computed the changes in the fractional
abundances of H2, H
−, H+2 , H
+
3 and on deuterated species
such as D− and HD. We find that because of high-energy
tails in the photon spectra at several z, the efficiency of pho-
todestruction is greatly enhanced, yielding lower fractional
elemental abundances than in the standard thermal treat-
ment of the chemical kinetics.
We also showed that the inclusion of vibrational lev-
c© 0000 RAS, MNRAS 000, 000–000
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Figure 6. H2 destruction (top panel) and formation (bottom
panel) rates as a function of redshift z. Destruction processes:
D++H2 → HD+H+ (1d); D+H2 → HD+H (2d); H++H2 →
H+2 + H (3d); H2 + hν → 2H (indirect, 4d); H2 + H → 3H (5d);
H2+H+ → 2H+H+ (6d); H2+e→ H+H− (7d); H2+e→ 2H+e
(8d); H2+hν → H
+
2 +e (9d); H
++H2 → H
+
3 +hν (10d). Forma-
tion processes: H+2 +H→ H2 +H
+ (1f); H− +H→ H2 + e (2f);
HD+H+ → D++H2 (3f); HD+H→ D+H2 (4f); 2H+H→ H2+H
(5f); H+2 +H
− → H+ H2 (6f).
els in the calculation of reaction rates is critical for their
determination at high temperatures when excited levels are
more populated. At high z, where these conditons apply, the
resulting fractional abundances of H2 and H
+
2 are reduced
by a factor of ∼10. However, if used in other environments
where molecular hydrogen is more abundant (e.g. during the
collapse of primordial clouds), these new rates are expected
to affect more significantly the final molecular abundances.
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APPENDIX A: FITTING FORMULAE FOR
THE RATE COEFFICIENTS
We fitted the reaction rate coefficients for the photodissocia-
tion of H+2 and the photo detachment of H
− with logarithmic
polynomials of the form
log k(Tr) =
∑
n
an(log Tr)
n. (A1)
The coefficients of Eq. (A1) are given in Table B, together
with the complete set of reaction rates employed in the ki-
netic model. The temperature of gas and radiation are in-
dicated by Tg and Tr, respectively, and are expressed in K.
Natural logarithms are indicated as ln, logarithms to base
10 as log. The results of the fitting formulae are compared
to the numerical results in Figures A1-A2.
APPENDIX B: DARK MATTER (DM)
ANNIHILATION
Dark matter annihilation or decay leads to extra ioniza-
tions of hydrogen and helium atoms in the early Universe
(Chen & Kamionkowski 2004; Padmanabhan & Finkbeiner
2005), delaying the cosmological recombination process
(Peebles et al. 2000) and causing emission of extra recombi-
nation photons (Chluba 2010). The additional injection of
energy and photons should be taken into account when con-
sidering the physical phenomena occurring in the primeval
plasma as well as the chemistry. Here we evaluate the effect
of extra photons produced by the direct reprocessing of an-
nihilation energy by hydrogen on the rate coefficient of H−
photodetachment. Details on the equations employed and
their derivation can be found in Chluba (2010).
The energy release associated with the annihilation of
some DM particle χ with its antiparticle χ¯ depends on the
c© 0000 RAS, MNRAS 000, 000–000
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Figure A2. Fits (dashed lines) for the contribution of non-
thermal photons to the photodetachment of H−. Upper curve and
x-axis: primordial hydrogen recombination contribution; lower
curve and x-axis: H2 radiative cascade contribution. Their va-
lidity corresponds to the temperature ranges of each axis.
mass of the particles involved, on the fractional abundances
of particle/antiparticle and on the thermally averaged cross
section 〈σv〉 for that process:
dE
dt
∼Mχc
2〈σv〉NχNχ¯ [eV cm
−3 s−1] (B1)
Here, results are given as a function of the annihilating effi-
ciency of the particle/antiparticle pair ǫ0:
dEd
dt
= ǫ0NH(z) (1 + z)
3 (B2)
In Figure B1 we show the cases ǫ0 = 10
−23, 10−24 and
5 × 10−24 eV s−1. The presence of extra photons increases
the H− photodetachment rate considerably: the larger the
annihilating efficiency the stronger the destruction process.
In particular, in the range of annihilating efficiencies shown
in the figure and for z < 70, the enhancement to the rate
coefficient scales as:
f(ǫ0) ∼ 1 + 0.44(ǫ0/10
−24) (B3)
This implies that the early Universe chemistry is not only
sensitive to direct ionizations induced by the annihilation
products, but also to the reprocessed energy causing addi-
tional ionizations of abundant neutral hydrogen atoms and
reemission of Ly-α photons.
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Table B1. Reaction rates.
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b5 = 1.99768
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4
1.26 × 10−15T−0.75g e
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Table B2. Reaction rates.
Process Reaction rates [MKS] Ref
34) H− +H −→ H2 + e− log k = −14.4− 0.15(log Tg)2 − 7.9× 10−3(log Tg)4 C11
35) H+ +H −→ H+2 + hν log(k/10
−6) = −19.38 − 1.523 log Tg + 1.118(log Tg)2
−0.1269(log Tg)3 GP98
36) H2
+ +H −→ H2 +H+ 6.4× 10−16 GP98
37) 2H +H −→ H2 +H 5.5× 10−35T
−1
g PSS83
38) H2 +H+ −→ H
+
2 +H ln k = a0 + a1Tg + a2T
−1
g + a3T
2
g C11
a0 = −33.081
a1 = 6.3173 × 10−5
a2 = −2.3478 × 104
a3 = −1.8691 × 10−9
39) H2 + e− −→ 2H + e− 1.91× 10−15T 0.136g e
−53407.1/Tg TT02
40) H− +H+ −→ H+2 + e
− 6.9× 10−15T−0.35g for Tg < 8000 GP98
9.6× 10−13T−0.9g for Tg > 8000
41) H2
+ + e− −→ 2H k =
∑5
n=0 anT
n
g C11
a0 = 4.2278 × 10−14
a1 = −2.3088 × 10−17
a2 = 7.3428 × 10−21
a3 = −7.5474 × 10−25
a4 = 3.3468 × 10−29
a5 = −5.528 × 10−34
42) H2+ +H− −→ H +H2 5× 10−12T
−0.5
g for Tg < 100 AAZN97
43) H2 + e− −→ H +H− 3.67× 10−5T
−2.28
g e
−47172/Tg CCDL07
44) H2
+ + hν −→ H+ H+
thermal 1.63× 107e−32400/Tr GP98
non-thermal: atom. recombin. log k =
∑5
n=0 an(logTr)
n this work
a0 = −257.413
a1 = 294.406
a2 = −93.7846
a3 = −13.1607
a4 = 11.3683
a5 = −1.46734
non-thermal: H2 radiative cascade log k =
∑5
n=0 bn(logTr)
n this work
b0 = −1084.08
b1 = 1990.32
b2 = −1447.42
b3 = 503.994
b4 = −83.6462
b5 = 5.28898
45) H2 + hν −→ H2
+ + e− 3.06587 × 109e−18948.1/Tr C11
46) H+2 + hν −→ 2H
+ + e− 9× 101T 1.48r e
−335000/Tr GP98
47) H2 + hν −→ H2
∗ −→ 2H ln k = 17.555 + 7.2643× 10−6Tr − 1.4194× 105T
−1
r C11
48) H2 +H→ H +H+H 1.9535 × 10−10T
−0.93267
g e
−49743/Tg C11
49) D + H2 −→ HD+H 1.69× 10−16e
−4680Tg+198800/T
2
g for Tg > 200 GP02
9× 10−17e−3876/Tg for Tg < 200 GP98
50) D+ +H2 −→ HD+H+ 10−15[0.417 + 0.846 log Tg − 0.137(log Tg)2] GP02
51) HD+ H −→ D+ H2 5.25× 10−17e
−4430/Tg+173900/T
2
g for Tg > 200 GP02
3.2× 10−17e−3624/Tg for Tg < 200 GP98
52) HD+ H+ −→ D+ +H2 1.1× 10−15e−488/Tg GP02
53) He + H+2 −→ HeH
+ +H 3× 10−16e−6717/Tg GP98
54) HeH+ +H −→ He +H+2 4.3489 × 10
−16T 0.110373g e
−31.5396/Tg BTGG11
55) H+ +H2 −→ H
+
3 + hν 10
−18 GP98
56) H+3 + e
− −→ H +H2 4.6× 10−12T
−0.65
g GP98
57) H+2 +H −→ H + H
+ +H ln k = a0 + a1Tg + a2T
−1
g + a3T
2
g C11
a0 = −32.912
a1 = 6.9498 × 10−5
a2 = −3.3248 × 104
a3 = −4.08 × 10−9
58) H2 +H+ −→ H +H+H+ ln k = a0 + a1Tg + a2T
−1
g + a3T
2
g C11
a0 = −33.404
a1 = 2.0148 × 10−4
a2 = −5.2674 × 104
a3 = −1.0196 × 10−8
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